In this work we report the proton-and deuteron-induced fission of 208 Pb at 500A MeV in inverse kinematics. We obtained two observables that allow us to investigate dynamical effects in the fission process: partial fission cross sections and the width of the fission fragment charge distribution as a function of the atomic number of the fissioning system. Results are compared to nuclear reaction model calculations in order to describe the evolution of the system from ground to saddle.
Introduction
Spallation reactions at high kinetic energies are a promising tool to investigate dissipative and dynamical effects because thermalized pre-fragments are produced with small distortion, low angular momentum and high excitation energy [1] . In spallation reactions, the interaction of a fast light projectile with the target nucleus can be described as binary nucleon-nucleon collisions through an intra-nuclear cascade. During the process the target gains thermal excitation energy and angular momentum proportionally to particle-holes excitations that take place in the initial distribution of the target. Subsequently, the excited system enters into pre-equilibrium emission leading to a thermalized pre-fragment through emission of fast nucleons. This thermalized system enters then into a second statistical de-excitation stage where the equilibrated pre-fragment dissipates its excitation energy by light charged particle and cluster evaporation, γ-ray emission, fission and multi-fragmentation [2] .
Fission is usually described as a statistical process where the fission probability only depends on the density of states above the barrier, according to Bohr-Wheeler model [3] . However, this 7 Present address: Research Center for Nuclear Physics, Osaka University, Japan. model fails in reproducing pre-scission neutron multiplicities [4] . Presently, it is generally accepted that fission is a diffusion process whose evolution is governed by a reduced dissipation coefficient [5] . Dissipation arises from the excitation energy exchange rate between intrinsic and collective degrees of freedom of the fissioning system. The collective modes need a certain time to explore the potential-energy landscape. As consequence, the fission width is highly suppressed at the onset of the process, requiring a certain transient time (delay time) to establish a quasi stationary flux over the barrier [6] . The fission delay allows the system to cool down by particle evaporation. Under the proper conditions stated before, the lifetime of the system is comparable to such fission delay time and dynamical effects manifest.
In this work we investigated dynamical effects on fission by means of the spallation reactions p+ 208 Pb and d+ 208 Pb at 500A MeV in inverse kinematics. By using a dedicated setup for fission measurements [7] we determined the atomic number of the fissioning system. We deduced two observables with clear signatures of nuclear dissipation: partial fission cross sections and width of the fission fragment charge distribution σ z as a function of the atomic number of the fissioning system. The former yields information about the spallation stage of the process and the evolution from ground to saddle. σ z is strongly correlated to the temperature at saddle and thus gives us information about the fission delay and the dissipation [8, 9, 10] . By using two different targets we investigate the temperature-dependence of nuclear dissipation. In addition, the spherical configuration of 208 Pb makes it suitable to investigate such dynamical effects since the process starts at ground deformation. Finally, we compare our results with calculations performed with two different intra-nuclear cascade codes, INCL [11] and ISABEL [12] , coupled to ABLA [13] statistical de-excitation code. In ABLA code, the fission width can be calculated according to the Bhor-Wheeler statistical model, the time-independent picture of Kramers and a time-dependent fission width obtained from Fokker-Planck equation. More details of these codes applied to spallation reactions can be found in Refs. [14, 15] . Figure 1 . Sketch of the experimental setup used for the present work.
Experimental details and results
The experiment was conducted at GSI (Darmstadt -Germany) using a dedicated setup (see Fig. 1 ). Comprehensive details can be found in Ref. [16] . A 208 Pb beam, accelerated to 500A MeV, impinged on a cell with thin titanium foils containing liquid hydrogen and deuterium. Due to the kinematics, fission fragments are emitted in forward direction with high kinetic energies. Two multi-sample ionization chambers (MUSIC) surrounded the target to identify the products of the reaction and nuclei produced in other layers of matter placed upstream of the target. A double ionization chamber (Twin MUSIC) was placed downstream of the second MU-SIC to detect both fission fragments in coincidence. By measuring the energy loss of the fission fragments in the Twin MUSIC detector we identified their atomic number and we reconstructed the charge of the fissioning system Z 1 +Z 2 by summing each fission fragment atomic number, taking into account that the proton evaporation probability is negligible. Partial fission cross sections for the reactions p+ 208 Pb and d+ 208 Pb were obtained by normalizing the number of fission events for each Z 1 +Z 2 value to the beam intensity and the target thickness (yield). The contribution of the titanium foils of the target was subtracted after measuring the yield with empty target. Corrections were applied due to the beam attenuation in the target and secondary reactions of the fission fragments. The geometrical acceptance of the setup for each fission fragment was evaluated by means of a monte-carlo simulation. As can be seen in Figs. 2 (p+ 208 Pb) and 3 (d+ 208 Pb), partial fission cross sections for the case of reactions with deuteron target are larger for fissioning systems with lower values of Z 1 +Z 2 due to the larger kinetic energy of the reaction. We also compared the partial fission cross sections with calculations performed with INCL+ABLA for reactions with proton and deuteron and IS-ABEL+ABLA for the case of the reaction with proton. One can see that the shape of the partial fission cross section curve depends strongly on the entrance channel defined in the intra-nuclear cascade because two codes provide rather different results. On the other hand, the magnitude of the curve is sensitive to the de-excitation stage. Calculations with INCL+ABLA according to Bohr-Wheeler transition-state (solid lines) and Kramers (dotted lines) models clearly over predict the experimental values. By considering a dynamical fission delay with a reduced dissipation strength of β = 4.5 × 10 21 s −1 (dashed line), calculations agree fairly well with the experimental data. Therefore, partial fission cross sections yield information about the evolution of the system from ground to saddle.
We also obtained the width of the fission fragment charge distribution σ z for the reactions p+ 208 Pb and d+ 208 Pb (Fig. 4) . It can be clearly seen that for both reactions we obtain very similar values for the entire Z 1 +Z 2 range studied here. This fact indicates that the observable does not depend on the entrance channel but on the temperature and excitation energy at the saddle point for each Z 1 +Z 2 . We also performed calculations with INCL+ABLA (see Fig. 4 ) according to the statistical model (solid line) and Kramers time-independent fission width (dash dotted line). Both calculations over predict the experimental results in the Z 1 +Z 2 range where the excitation energy is larger and dynamical effects manifest. However, calculations considering a fission delay induced by a dissipation with a strength of β = 4.5 × 10 21 s −1 (dashed and dotted lines for proton and deuteron, respectively) are in very good agreement with the data. Dynamical calculations show that the reduction of the temperature at saddle (which also reduces σ z ) is because of the fission delay instead of the reduction of the asymptotic value of the fission width proposed by Kramers. Indeed, the nucleus cools down by particle evaporation because the time needed to reach the saddle point is longer due to the fission delay. 
Conclusions
We have investigated transient and dissipative effects in proton-and deuteron-induced fission of 208 Pb at 500A MeV by using a dedicated setup for fission experiments in inverse kinematics. We have obtained the partial fission cross sections and the width of the fission fragment charge distribution σ z both as a function of the atomic number of the fissioning system. Partial fission cross sections yield information about the evolution of the system from ground to saddle, while σ z gives information about the temperature of the system at the saddle point. This temperature does not depend on the entrance channel of the reaction for each system with a defined atomic number Z 1 +Z 2 . Finally, by performing calculations with intra-nuclear cascade code INCL coupled to ABLA de-excitation code we show that a fission delay with a dissipation strength of β = 4.5 × 10 21 s −1 is needed to explain the experimental data.
